Antitumor effects of combined transfer of P16 and cytokine genes were investigated in this study. The adenovirus harboring the P16 gene ( AdP16 ) and murine granulocyte -macrophage colony -stimulating factor gene ( AdGM -CSF ) were utilized for the treatment of established tumors. The mice were inoculated subcutaneously with Renca cells and, 6 days later, received an intratumoral injection of AdP16 in the presence or absence of AdGM -CSF. The results demonstrated that tumor -bearing mice treated with AdP16 in combination with AdGM -CSF showed more potent inhibition of tumor growth and survived much longer than did mice treated with AdP16, AdGM -CSF, adenovirus expressing -galactosidase, or phosphate -buffered saline alone ( P < .01 ). The tumor mass showed obvious necrosis and inflammatory cell infiltration, and more CD 4 + and CD 8 + T cells infiltrating the tumor after combined therapy.
G
ene therapy, as a promising treatment for many human modalities, encompasses efficient potentials for treating cancers that have failed conventional therapies. The use of P16 gene transfer for the therapy of cancer has been studied extensively. The P16 gene has many features of a tumor suppressor gene. It encodes an inhibitor of cyclin-dependent kinase 4, which regulates progression through the G 1 phase of the cell cycle, 1, 2 and its homozygous deletion is common in tumor-derived cell lines. 3, 4 In view of the fact that adenovirus vectors can deliver genes to a number of tissues at a high rate, we examined adenovirus -mediated P16 gene transfer to murine renal cancer cells ( Renca ) and evaluated its benefit in treating tumor. The in vitro growth rate of Renca cells after AdP16 treatment was significantly inhibited when compared with the growth rate of AdLacZ -or PBS -treated cells. Our previous studies showed that P16 transduction of Renca cells in vitro could prevent tumor growth in BALB /c mice. Therapy with P16 gene transfection was sometimes effective, but at other times, it was reported to be not efficient in the induction of antitumor immunity, and tumor recurrence or metastasis often occurred after therapy.
Direct transfer of cytokine genes into the tumor-bearing host has been demonstrated to be effective for the inhibition of tumor growth. 5 We have shown that intratumoral injection of recombinant vaccinia virus encoding granulocyte -macrophage colony -stimulating factor ( GM -CSF ) could exhibit significant antitumor response in melanoma -bearing mice. 6 Tumor cells transduced with cytokine genes showed increased immunogenicity and decreased tumorigenicity. Tumor vaccine prepared with cytokine gene -modified tumor cells not only induced cellular immunity to protect against the same cells, but also elicited protective immunity to the parental tumor cells. The therapeutic efficacy of one cytokine gene transfection is often not satisfactory especially in pre -established tumors. We have reported that the combined transfer of two cytokine genes, or transfer of one cytokine gene in combination with certain agents, such as interleukin -2 (IL -2 ) or chemotherapeutic drugs, could induce obvious antitumor immunity of the host.
7 -9 GM -CSF -secreting tumor cells were found to stimulate potent, specific, and long -lasting antitumor immunity. It was reported that the GM -CSF gene -modified tumor vaccine exhibited the most efficient antitumor efficacy among various cytokine gene -modified vaccines because the locally produced GM -CSF could stimulate the proliferation and differentiation of antigen -presenting cells, thus augmenting the antitumor response of the host.
In this report, we hypothesized that the combined use of P16 gene and GM -CSF gene therapy might have more significant antitumor effects than P16 or GM -CSF gene therapy alone, which was proved to be not satisfactory when used alone. To test this hypothesis, we treated tumor-bearing mice with an adenovirus expressing P16 in combination with an adenovirus expressing murine GM -CSF. Inhibition of tumor growth and prolongation of survival period were observed more obviously in tumor-bearing mice after combined therapy when compared with P16 or GM -CSF gene therapy alone. The mechanisms of the antitumor response were also studied in this investigation.
Materials and methods

Animals and cell lines
Male or female BALB / c mice, 6 -8 weeks of age, purchased from Joint Ventures Sipper BK Experimental Animals ( Shanghai, China ) were housed for 1 week in a specific pathogen -free state for experiment. Renca, a renal cell carcinoma cell line from BALB / c, and 293, a continuous cell line derived from human embryonic kidney, were maintained in RPMI-1640 medium supplemented with penicillin 100 U /mL, streptomycin 100 g /mL, 2-mercaptoethanol 50 mmol /L, and 10% fetal calf serum ( FCS ). All culture media were purchased from Gibco-BRL ( Gaithersburg, MD ) and FCS provided by the Shanghai Institute of Biological Products (Shanghai, China ).
Preparation of recombinant adenoviruses
Three replication-defective recombinant adenoviruses, AdLacZ (harboring the -galactosidase gene ), AdP16 ( harboring the P16 gene ), and AdGM -CSF ( harboring the murine GM -CSF gene ), were constructed from human adenovirus serotype 5 using homologous recombination. The expression of these genes was driven by a CAG promoter. CAG promoter is a combination of chicken -actin promoter and cytomegalovirus immediate early enhancer. Its function is long -term transcription. This promoter expresses with high efficiency transfected exogenous genes in various mammalian cell lines in vitro. The strong activity of the CAG promoter has been reported in rodent hepatocytes in vivo. In this study, a plasmid containing a CAG promoter was transfected into an adenovirus and a recombinant adenoviral vector expressing an exogenous gene under the control of the CAG promoter was injected intratumorally into rats, resulting in a high level of transgene expression in the Renca cell.
The recombinant adenoviruses were propagated with 293 cells and the titers of the adenoviral preparations were determined by plaque -forming assay on 293 cells. Briefly, serial 10 -fold dilutions of adenoviruses were added to 24-well plates ( Corning, New York, NY ) containing confluent 293 cell monolayers. After the 1-hour incubation, the viral dilution media were aspirated and replaced with 2 mL of agarose overlay; this consisted of equal volumes of 1.2% Seaplaque agarose (FMC, Rockland, ME ) and Â2 DMEM -10% fetal bovine serum at 378C. The agarose overlay was allowed to solidify at room temperature for 20 minutes in a laminar flow hood before the plates were returned to the 378C incubator. Cells were observed for up to 10 days to assess plaque formation. The number of plaques per well was determined, and the plaque -forming units per milliliter of virus inoculum calculated according to the formula: pfu=mL ¼ average number of plaques per well 0:5 mLÂviral dilution factor
The recombinant adenoviruses produced were diluted to a titer of 10 9 pfu/mL in PBS and stored at À 708C.
Experimental groups and therapeutic regimens
Renca cells were taken from continuous culture and resuspended in PBS without FCS for inoculation into mice. BALB /c mice were inoculated subcutaneously ( s.c. ) with 5Â10 4 Renca cells. Six days after tumor inoculation, the tumor-bearing mice were divided into five groups with 15 mice in each group and the mice were injected intratumorally with any of the following preparations: PBS, AdLacZ, AdP16, AdGM -CSF, AdP16 plus AdGM -CSF. Injection of each virus of 10 8 in 0.1 mL of PBS was performed 6 days after the inoculation of tumor cells and a booster of the same injection was given after 9 days. The length and width of the tumor mass were measured with a caliper every other day after tumor inoculation and the tumor volume was expressed as 0.5ÂlengthÂwidth 2 .
Histological examination
S.c. tumor nodules were taken from sacrificed tumorbearing mice 3 days after the last injection. The tumor samples were fixed in 10% formalin solution, dehydrated, and embedded in paraffin. Thin -sliced sections were stained with hematoxylin and eosin. We used four grades for the pathological analysis of the tumor necrosis: ( À ) no necrosis was present in the tumor; ( + ) necrosis was present in less than 1 /3 of the tumor mass; ( + + ) necrosis was present in 1 /3 -2 /3 of the tumor mass; ( + + + ) necrosis was present in more than 2 /3 of the tumor mass. For the evaluation of the infiltration of inflammatory cells both in and around the tumor: ( À ) no inflammatory cell infiltration; ( + ) minimal inflammatory cell infiltration; ( + + ) medium inflammatory cell infiltration; ( + + + ) intense inflammatory cell infiltration.
Flow cytometry
S.c. tumors were taken from the sacrificed tumor-bearing mice 3 days after the last injection and the tumor mass was minced. 
Statistics
Statistical analysis was performed using Student's t test. P < .05 was considered to be statistically significant. 
Cancer Gene Therapy
Combined P16 gene and GM-CSF gene therapy L Wang et al
Results
Inhibition of tumor growth and prolongation of survival period in tumor -bearing mice after combined therapy BALB/ c mice were inoculated s.c. with 5Â10 4 Renca cells and treated with PBS (group A ), AdLacZ (group B ), AdP16 ( group C ), AdGM -CSF (group D ), or AdP16 /AdGM -CSF ( group E ). The results in Figure 1A demonstrated that inhibition of Renca growth could be observed most significantly in mice 18 days after the treatment with AdP16 in combination with AdGM -CSF (group E ) when compared with that in mice treated with control adenovirus AdLacZ, AdP16, or AdGM -CSF therapy alone ( P <.01 ). AdP16 or AdGM -CSF therapy alone also showed a marked inhibitory effect on tumor growth when compared with the PBS control group (P <.05).
Ten tumor-bearing mice in each group were observed for their survival period. The results in Figure 1B demonstrated that the mice that received combined therapy of AdP16 / AdGM -CSF were able to survive much longer than all the other mice that received control therapies ( P <.01 ). Two of 10 mice after AdP16 / AdGM -CSF combined therapy were found to be tumor-free and lived for more than 90 days, whereas the control animals after PBS or AdLacZ treatment died within 45 days.
More massive necrosis and inflammatory cell infiltration in tumor mass after combined therapy
We next analyzed the histological changes in tumor sites of mice treated with PBS (group A ), AdLacZ (group B ), AdP16 ( group C ), AdGM -CSF ( group D ), or AdP16 / AdGM -CSF (group E ). As shown in Table 1 , large areas of tumor necrosis and a great number of inflammatory cells ( mainly lymphocytes and neutrophils) were present inside and around the tumors in mice treated with combined therapy.
More CD4 + , CD8 + T -cell infiltration in tumor mass after combined therapy
To determine whether local T cells in a tumor microenvironment were mobilized and activated after combined transfer of P16 and GM -CSF genes, we isolated infiltrating mononuclear cells from a minced tumor mass with Ficoll-Hypaque discontinuous gradient centrifugation. Flow cytometry was performed to measure the CD4 + and CD8 + T cells in a mononuclear cell suspension. As illustrated in Figure 2 , few CD4 + and CD8 + T cells were detected in the mice treated with PBS or AdLacZ. A small number of CD4 + and CD8 + T cells were present in AdP16 -or AdGM -CSF -treated tumor-bearing mice. More CD4 + and CD8 + T cells could be found in AdP16 -treated tumor-bearing mice with AdGM-CSF treatment. These data suggest that combined therapy killed the established tumors markedly through transfer of P16 gene, and induced local antitumor immunity of the host efficiently through GM -CSF gene transfer. 
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Combined P16 gene and GM-CSF gene therapy L Wang et al therapy could augment the expression of MHC -I and Fas molecules on the tumor cells significantly when compared with treatment of the mice with AdP16 or AdGM -CSF alone. We used flow cytometry for the determination of the apoptosis of tumor cells both in vitro and in vivo after treatment with PBS, AdLacZ, AdP16, AdGM -CSF, or AdP16 /AdGM -CSF. The results in Figure 3 illustrated that neither treatment of the Renca cells with PBS nor with AdLacZ induced apoptosis both in vitro and in vivo. Apoptosis was found in the Renca cells after treatment with AdP16 or AdGM -CSF alone, and obvious apoptosis was found after treatment with AdP16 /AdGM -CSF combined therapy.
Induction of more potent specific antitumor immunity in mice after combined therapy with AdP16 / AdGM -CSF Splenocytes from the dead tumor-bearing mice after various therapies were used in cytolytic assays against YAC -1 cells or Renca cells at effector:target (E:T ) ratios of 10:1, 20:1, and 40:1 by a 4-hour 51 Cr release assay. The results in Figure 4 demonstrate that AdP16 or AdGM -CSF treatment of the tumor-bearing mice did not enhance splenic NK and CTL activities significantly more than PBS or AdLacZ treatment ( P >.05 ).The combination treatment of AdP16 and AdGM-CSF increased the NK and CTL activities significantly compared with AdP16, AdGM-CSF, AdLacZ, or PBS ( P <.01). No cytotoxicity was found with CTL when syngeneic CT26 cells were used as targets. These data suggest that nonspecific and specific antitumor immunity of the host could be augmented by combined therapy with AdP16 and AdGM -CSF.
Discussion
Gene therapy of cancer by tumor suppressor gene transfer is an appealing strategy provided that the gene can be efficiently transduced into the tumor cells and the mechanism of function of the particular tumor suppressor can be restored within the tumor. Because tumor cells undergo a number of genetic changes besides loss of function of a particular tumor suppressor, the ultimate goal should not be restoration of function of the lost tumor suppressor, but rather reestablishment of a growth control to an extent which would eventually lead to selective tumor cell death by apoptosis. Our previous studies 10 showed that in vitro growth rates of Renca cells after AdP16 treatment were significantly inhibited, and cell cycles analysis using flow cytometry showed that AdP16 induced a G 1 -S cycle arrest. In addition, MHC class I (H -2K d ) and costimulatory molecule Fas expression on the P16 -transduced Renca cells were also up -regulated.
In this study, antitumor effects were observed in tumorbearing mice after transfer of P16 gene by adenoviral vectors to tumor cells ( Renca ). But we found that this effect was not satisfactory and the tumor-specific antitumor immunity was not efficiently induced. The NK and CTL activities did not increase significantly more after AdP16 treatment than after PBS or AdLacZ treatment.
GM -CSF is a cytokine with multiple biological effects. The cytotoxic activity of NK cells or CTL can be significantly enhanced or induced by this cytokine. Clinical trials have shown obvious antitumor and immunomodulating effects with GM -CSF gene therapy in renal cell carcinoma, melanoma, lung cancer, bladder cancer, and hematological malignancies. 11 -13 Being a biological response modifier and an efficient immunomodulatory factor in chemotherapy, the antitumor effect of GM -CSF gene therapy alone is usually not strong enough to eradicate established tumors.
To achieve potent antitumor effects and induce antitumor immunity of the host, we simultaneously transduced the P16 and GM -CSF genes into an established tumor. Our results illustrate that the combined therapy suppressed tumor growth and prolonged the survival period of the tumor-bearing mice most significantly. More CD4 + and CD8 + T cells infiltrated into the tumors in the mice, and the splenic NK and CTL activities rose significantly in the mice after the combined treatment. The local and systemic antitumor immune responses could clearly be induced after combined transfer of the P16 and GM -CSF genes. The enhanced nonspecific and specific antitumor immunity of the tumor-bearing mice might be responsible for the augmented antitumor effects of combined therapy. In this study, we found obvious infiltration of CD4 + and CD8 + T cells in tumor mass after d on freshly isolated tumor cells increased markedly after P16 gene therapy in combination with GM -CSF gene therapy. We speculated that the tumor cells, with increased MHC -I, may serve as the source of tumor-specific antigen, as well as antigenpresenting cells. In order to investigate if this altered microenvironment of tumor affected the antitumor properties of host lymphocytes, we studied the effector functions of lymphocytes both in the spleen and the tumor mass. Consistent with the above results, we have also demonstrated that more CD8 + T cells infiltrated into and around the tumor mass after combined gene therapy. Cytotoxicity analysis showed that NK and CTL activities from the spleen in tumor-bearing mice treated with combined therapy increased significantly. The increase in the CTL activity suggested that the antitumor effect of the combined therapy might be through the induction of specific antitumor immunity of the tumor-bearing mice.
Fas ( Apo -1 /CD95 ) is a cell surface receptor involved in cell death signaling. Recently, the Fas /Fas ligand system has been identified as a key regulator of apoptosis in some types of cell lines. In this study, we demonstrated that expression of Fas on Renca cells from continuous culture in vitro, or freshly isolated from dead tumor-bearing mice increased markedly after combined therapy. We also found obvious apoptosis of tumor cells both in vitro and in vivo induced by AdP16 /AdGM -CSF combined treatment, and the released antigen from the dead tumor cells might be harvested and processed by the GM -CSF -activated antigen -presenting cells. These findings might help to understand the mechanism that more significant tumor cells were killed in vivo after using AdP16 /AdGM-CSF combined treatment.
In conclusion, we have show that combined transfer of P16 and GM -CSF genes could inhibit the growth of preestablished renal cell carcinoma and prolong the survival time of the tumor-bearing mice, partially through the efficient induction of specific and nonspecific antitumor immune response. We speculated that the tumor cell debris formed after AdP16 / AdGM -CSF combined treatments was processed and presented to the immune system of the host by antigen-presenting cells, e.g., dendritic cells induced by GM -CSF gene transfection. In addition, the tumor cells, which expressed more MHC -I molecules after AdP16 / AdGM -CSF combined therapy, might activate antitumor immune response by acting as antigen-presenting cells themselves. Markedly increased expression of Fas and obvious apoptosis of tumor cells were found in the group that was treated with AdP16 /AdGM -CSF combined therapy. The combined therapy, being able to address the drawbacks of cytokine or P16 gene therapy that were proved to be not satisfactory when used alone, might be of great interest for gene therapy of cancer.
